In this report, we conducted a comprehensive survey of Bcl-2 family members, a divergent group of proteins that regulate programmed cell death by an evolutionarily conserved mechanism. Using comparative sequence analysis, we found novel sequences in mammals, nonmammalian vertebrates, and in a number of invertebrates. We then asked what conclusions could be drawn from phyletic distribution, intron/exon structures, sequence/structure relationships, and phylogenetic analyses within the updated Bcl-2 family. First, multidomain members having a sequence pattern consistent with the conservation of the Bcl-X L /Bax/Bid topology appear to be restricted to multicellular animals and may share a common ancestry. Next, BNip proteins, which were originally identified based on their ability to bind to E1B 19K/Bcl-2 proteins, form three independent monophyletic branches with different evolutionary history. Lastly, a set of Bcl-2 homology 3-only proteins with unrelated secondary structures seems to have evolved after the origin of Metazoa and exhibits diverse expansion after speciation during vertebrate evolution.
Introduction
Apoptosis is crucial for the proper development and functioning of multicellular organisms (Cory and Adams 2002; Opferman and Korsmeyer 2003) . In vertebrates, this program of cell suicide functions in sculpturing organs, deleting unwanted structures, adjusting cell number, and eliminating harmful, abnormal, or misplaced cells. Abnormalities in cell death control can lead to a variety of disorders from degenerative diseases to cancer (Green and Evan 2002; Kirkin, Joos, and Zornig 2004) .
Pioneering genetic and biochemical studies in invertebrate models and mammals have led to the identification of many apoptotic players from diverse organisms and have shown that the cell death program has been conserved throughout evolution. For instance, the core apoptotic machinery of the nematode Caenorhabditis elegans consists of four proteins: three proapoptotic proteins, namely, CED-3, CED-4, and EGL-1, and a unique antiapoptotic molecule, CED-9 (Igaki and Miura 2004) . Mammalian homologues for all these C. elegans molecules have been discovered. CED-3 was found to be related to the caspase family of death proteases, whereas the Apaf-1 adaptor molecule turned to be a mammalian CED-4 homologue. Structural and functional relatives of CED-9 and EGL-1 belong to the Bcl-2 family of apoptotic modulators, whose activity has been implicated since these initial reports in many physiological and pathological conditions. Bcl-2 family members are central regulators of programmed cell death because they integrate diverse survival and death signals generated outside and inside the cell and act like checkpoints through which these signals must pass before they determine the cell fate (Adams and Cory 2001) . These proteins constitute an expanding and heterogeneous family that has been initially divided by function into either pro-or antiapoptotic members. Thus, antiapoptotic proteins such as Bcl-2 or Bcl-X L tend to prevent the release of apoptogenic molecules from mitochondria (e.g., cytochrome c) and subsequent caspase activation, whereas proapoptotic proteins such as Bax or Bak promote these deleterious events. Mutual interactions between these death inhibitors and promoters and their relative ratio are thought to arbitrate the life-or-death decision. On the other hand, the Bcl-2 family has been divided into three classes based on the conservation of typical motifs known as Bcl-2 homology (BH) domains (designated BH1, BH2, BH3, and BH4). All members possess at least one of the four BH domains, which roughly correspond to a-helical segments on the proteins. Many Bcl-2 family proteins also contain a putative transmembrane (TM) domain at their C-termini, and at least to some members such as Bcl-2, this hydrophobic tail is critical for both subcellular localization and activity. Outside these regions, these proteins display considerable sequence diversity. In general, antiapoptotic multidomain members (the Bcl-2-like survival factors) share sequence similarity in all four conserved BH domains (BH1-4), whereas proapoptotic multidomain members (the Bax-like death factors) have similar BH1-3 domains. The third subset is formed by death proteins collectively known as the ''BH3-only'' subfamily (e.g., Bid, Bim, and Egl-1) that display sequence similarity only in the BH3 domain. The BNip proteins represent a rather marginal subgroup, first discovered as adenoviral E1B 19K/Bcl-2 interacting proteins and then classified into this subfamily due to some sequence similarity with the BH3 and TM motifs.
Mechanistically, it is believed that BH3-only proteins act as sensors for distinct apoptotic pathways, whereas multidomain Bax subfamily members may constitute executioners of death signals downstream of the BH3-only proteins. Antiapoptotic Bcl-2-like family members appear to function, at least in part, by interacting with proapoptotic family members. Although the precise molecular mechanism of apoptosis regulation by Bcl-2 family proteins is still a matter of intense debate (Borner 2003; Cory, Huang, and Adams 2003; Kuwana and Newmeyer 2003; Reed 2003) , it is believed that the amphipathic a-helix formed by the BH3 region of BH3-only proteins or proapoptotic multidomain members binds through its hydrophobic surface to an elongated hydrophobic groove formed on the surface of prosurvival Bcl-2 proteins by the combination of their BH1, BH2, and BH3 regions (Sattler et al. 1997) . Noticeably, among the BH3-only proteins, Bid has a unique role in apoptosis signaling because its cleavage by caspase-8 links the death receptor pathway (the so-called ''extrinsic'' pathway of cell death) to the mitochondrial signaling pathway (or ''intrinsic'' pathway) regulated by the other members of the Bcl-2 family (Chou et al. 1999; McDonnell et al. 1999) .
With the recent completion of whole-genome sequencing efforts and progress in bioinformatics, more than 25 members of the bcl-2 gene family have been identified in humans (Koonin and Aravind 2002; Reed, Doctor, and Godzik 2004) . Although understanding of activity and function has grown rapidly for several Bcl-2 family proteins (e.g., Bcl-2, Bcl-X L , Bid, and Bad), most members of this family have received only initial characterization. A straightforward way to enhance the understanding of one particular Bcl-2-related protein would be to use the information gained from the study of related members. However, optimal use of this information requires a detailed knowledge of the evolutionary relationships within the Bcl-2 family and its subgroups. We and others have previously included phylogenetic analyses in other studies concerning the Bcl-2 family (Aouacheria et al. 2001; Wiens, Diehl-Seifert, and Muller 2001; Koonin and Aravind 2002; Lanave, Santamaria, and Saccone 2004) , but limited sequence diversity and recurrent omission of the BH3/BNip subgroups have restricted the usefulness of these reports. In this study, we undertook a search of all recognizable Bcl-2 family relatives in a large set of publicly available databases, including genome and expressed sequence tag (EST) databases. We present and compare by phylogenetic analysis the Bcl-2 family members found in humans, rodents, birds, fishes, arthropods, and worms, together with other counterparts discovered in simple multicellular animals. In order to determine the extents of family expansion in different evolutionary lineages, we defined and constructed a phylogeny for five subsets of Bcl-2 family members, namely, those sharing a same ''pore-forming'' helical bundle fold, BH3-only members, and BNip1-3 proteins. We also examined the domain organization of the multidomain Bcl-2 family members in an attempt to discuss the timing of their establishment.
Materials and Methods

Database Searching
Ensembl and GenBank nucleotide and protein sequence databases and EST databases located at the PBIL (Pôle Bioinformatique Lyonnais) were scanned for proteins related to known Bcl-2, BH3-only, and BNip proteins using either Psi-Blast (protein databases) or TBlastN (nucleotide databases) (Altschul et al. 1997) . Fugu genome searches were performed using TBlastN and three Fugu genome databases. The first database is located at the Sanger Institute (http://www.ensembl.org/Fugu_rubripes/index.html), the second is located at the Institute for System Biology (http://genome.jgi-psf.org/fugu6/fugu6.home.html), and the third corresponds to the Fugu Genomics Project of the MRC-HGMP Resource Center (http://fugu.biology.qmul.ac.uk).
Tetraodon genome searches were performed at the Genoscope by using Exofish (exon finding by sequence homology) (http://www.genoscope.cns.fr/cgi-bin/exofish.cgi) and with the MRC-HGMP blast server. Zebrafish genome searches were performed using the Ensembl Blast server (http://www. ensembl.org/Danio_rerio/index.html) and Exofish. After initial sequence collection, the full set of databases was probed with individual sequences to enhance the chances of finding sequences related to particular divergent proteins and better define the range of organisms containing these proteins. Although BH3 domains were reported in BRCC2, BRAG-1, BmP109, p193, APE1820, ITM2B(s), MAP-1, Rad9, Spike, SphK2, and SP1610 proteins, further scrutiny revealed these sequences to have been incorrectly classified (see Naohiro Inohara's list at http://www-personal.umich.edu/;ino/List/ 2342.htm).
Alignment and Tree Building
Sequences were first aligned using ClustalW (at the PBIL) with BLOSUM alignment matrices, except multidomain members which were aligned using PRALINE with a PAM250 matrix (http://zeus.cs.vu.nl/programs/ pralinewww/). The resulting initial alignments were optimized by adjusting the alignment parameters (gap penalties). Multiple alignments were subsequently edited and manually improved using the Seaview alignment editor (Galtier, Gouy, and Gautier 1996) when ClustalW failed. Phylogenetic analyses were performed on the conserved core of these final alignments. Amino acid sites where gaps exist in the alignments were excluded from the calculation. Ungapped alignments were computed to derive trees according to neighbor-joining and maximum parsimony methods using the Phylo_win program (Galtier, Gouy, and Gautier 1996) . Bootstrap analysis (1,000 replicates) provided a measure of confidence for the detected relationships. The multiple alignments were also used for maximum-likelihood (ML) analyses using Phyml v2.4.4 (Guindon and Gascuel 2003) using a Jones-TaylorThornton model of sequence evolution and with the alpha parameter of the gamma distribution estimated from the data. Bootstrap support was based on 100 replicates using the programs SEQBOOT and CONSENSE (with majorityrule method) of the PHYLIP package (Felsenstein 1996) to generate data replicates and consensus tree, respectively. The log-likelihood values for the ML trees are: ÿ17,117 (multidomain members), ÿ1,906 (BH3-only), ÿ3,952 (Bnip1), ÿ8,875 (Bnip2), and ÿ5,213 (Bnip3). Trees were displayed using the TreeView program (Page 1996) , converted to image files, and then annotated using Adobe Photoshop. Alignments are available upon request. 
Results and Discussion
Isolation of Bcl-2 Family Sequences from Expression and Genome Databases
To isolate Bcl-2 family genes, we performed Blast searches on a number of genome and expression databases as described in Materials and Methods, using previously known human, mouse, nematode, Drosophila, and sponge sequences as an initial seed. All retrieved sequences were then used to make other Blast searches, and we eventually got ;450 different sequences, which are listed in tables 1-3. A comparative analysis of human and rodent sequences is provided in table 1. Databases from genome projects of zebrafish D. rerio and of the pufferfishes T. rubripes (Aparicio et al. 2002) and T. nigroviridis (Jaillon et al. 2004) were screened using nonteleost sequences as queries, and the results were compiled in table 2. When possible, we confirmed the orthology of a Bcl-2 family member by strictly conserved synteny and contiguity, i.e., presence on the same chromosome in two organisms and conserved order and orientation with respect to an adjacent gene or genes. The existence of putative orthologues was further confirmed by complementary EST database analysis and study of chicken and chimp genomes (table 2). Table 3 lists the ESTs identified for Bcl-2 family members present in nematodes/arthropods and ''simple'' multicellular animals.
Subclass Definition
Three-dimensional (3D) structures of eight members of the Bcl-2 family have been determined, revealing striking resemblance to the pore-forming domains of bacterial toxins (Muchmore et al. 1996; Chou et al. 1999; Suzuki, Youle, and Tjandra 2000; Petros et al. 2001; Huang et al. 2002; Denisov et al. 2003; Huang et al. 2003; Woo et al. 2003) . Despite the opposing biological functions and wide differences in amino acid sequences, we found that the experimentally determined structures of CED-9, Bcl-X L , Bax, and, surprisingly, BH3-only protein Bid were strikingly similar (Chou et al. 1999; McDonnell et al. 1999; Suzuki, Youle, and Tjandra 2000) . Moreover, we easily modeled a number of other members of the Bcl-2 family (e.g., Bok, Buffy, and Bfl-1) on the same nuclear magnetic resonance or X-ray crystallographic coordinates, while other members were predicted to have similar two-dimensional structures, suggesting that all these members actually share a same a-helical conformation and probably common ancestry ( fig. 1 ). These observations prompted their analysis as a distinct subclass of probable ''homologues,'' i.e., multidomain members expected to share a same pore-forming helical bundle structural fold. On the other hand, predicted structures for the other members of the family (BH3-only and BNip proteins) cannot be modeled on Bcl-2-like multidomain templates, and secondary structure analysis indicates that they probably do not share structural similarity with the pore-forming helical bundle class ( fig. 1 ). Yet, sequence similarity strongly suggests that BNip1, BNip2, and BNip3 proteins form three homogenous (putatively monophyletic) groups within the Bcl-2 family. On the contrary, BH3-only proteins could not be defined as a clade because of their high sequence divergence outside the BH3 domain. Hence, we decided to treat them as Bcl-2 ''analogs'' having their own phylogenetic history. In this study, these relationships were used to distinguish each subgroup from the others, leading to the definition of five subclasses: multidomain members expected to share a same pore-forming structural fold (e.g., CED-9, Bcl-2, Bax, and Bid), Bnip1-3 proteins, and BH3-only members with unrelated secondary structures.
Establishment and Expansion of the Various Bcl-2 Subfamilies
Multidomain Members Expected to Share a Pore-Forming Helical Bundle Structural Fold Bcl-2-like genes were found in sponges and in all major subdivisions of the Bilateria: annelids, molluscs, platyhelminthes, nematodes, arthropods, tunicates, and vertebrates (table 3) . In contrast, no Bcl-2-like multidomain sequence can be found in prokaryotes, fungi, and plants. It seems therefore that this Bcl-2 family clade was established in early metazoan evolution. Two Bcl-2 homologues, namely, BHP1 and BHP2 have been depicted in demospongiae (Wiens et al. 2000; Wiens, Diehl-Seifert, and Muller 2001; Wiens et al. 2004 ). These two paralogues likely result from the duplication of a unique Bcl-2 multidomain ancestor. In Cnidaria and Ascidiacea, descendants of this ancestral multidomain protein formed a multigene family of paralogues early in evolution, with up to five Bcl-2 relatives in H. magnipapillata and four members in C. intestinalis, a basal chordate species. Therefore, Bcl-2 relatives had been established in the very early evolution of animals before the parazoan-eumetazoan split, the earliest branching among extant animal phyla. Contrary to a previous report that failed to identify Bcl-2 family members in platyhelminthes (Verjovski-Almeida et al. 2003) , we discovered two homologues in Schistosoma mansoni and its close relative S. japonicum.
The complete Bcl-2 multidomain sets have been previously defined for D. melanogaster (dBok/Debcl/DRob-1/ dBorg-1 and Buffy/dBorg-2) and C. elegans (CED-9). In Drosophila, despite sharing 62% similarity in amino acid sequence, the two homologues of Bcl-2 have opposite effect on cell survival (Brachmann et al. 2000; Colussi et al. 2000; Igaki et al. 2000; Quinn et al. 2003) . It has been suggested that Buffy and dBok may constitute the functional counterparts of Bax-like and Bcl-2-like multidomain members, respectively. Notably, Buffy and dBok are most similar to each other than to any other Bcl-2 family member, raising the possibility that they originated from the duplication of a same gene, followed by divergence both in sequence and function (i.e., opposite effects on survival). NOTE.-Sequences are identified using their accession number from Ensembl (and occasionally Swissprot or National Center for Biotechnology Information). Gene names are those reported in protein databases or have been assigned by us on the basis of orthology relationships between human and rodent genes. In a number of cases, several names exist for each gene. We usually report here only one name; synonyms can be found in the protein databases using the reported accession numbers. We identified a number of species-specific pseudogenization events that concerned the Bak gene in humans and BNip2 in mouse. BNip3 pseudogenes were identified in all three species but were not indicated due to uncertainty regarding the parental gene. A1 a-d correspond to duplicated genes in mice (Hatakeyama et al. 1998) .
In contrast to the fly, CED-9 is the sole multidomain Bcl-2 family member in C. elegans, and it has also been found in two other nematodes, namely, C. briggsae and D. immitis. Curiously, the nematode T. spiralis and the annelid L. rubellus contain several Bcl-2 homologues (that segregate with Bcl-2/X L and Mcl-1, respectively, see phylogenetic analysis in fig. 2 ). This may represent the emergence of new Bcl-2 members in these particular lineages or alternatively a loss of ancestral types in the C. elegans lineage. This may also be due to the high divergence rate reported for nematode genes in general (Aguinaldo et al. 1997; Mushegian et al. 1998 ). The analysis of Bcl-2 genes from molluscs or other annelids might help to settle this question. In all cases, our results suggest that emergence of multidomain members of the Bcl-2 family predates the divergence of bilaterians and nonbilaterians and is thus of ancient origin in the natural history of Metazoa. Later in the evolution, the Bcl-2 multidomain ancestor or the primitive paralogous lineages found in Cnidaria and Ascidiacea underwent extensive duplications throughout the evolution of Bilateria, especially during vertebrate evolution (see tables 1-3), that lead to the definition of ;10 orthology groups in birds and amphibians and ;13 orthology groups in mammals. Overall, mammalian subfamily sizes for multidomain members are consistently larger in fishes, mouse, and humans than in Ciona, and very little difference is seen between humans and rodents, suggesting that the expansion in the vertebrate lineage has been followed by a stasis in mammals. The vertebrate set displays a high degree of duplication and divergence relative to both Drosophila multidomain proteins and C. elegans CED-9. We identified various multidomain members of the Bcl-2 family in fishes including clear homologues of Bcl2l10 and Mcl-1. Interestingly, fish orthologues for the recently cloned Bfk protein , which is preferentially expressed in the mammary gland during pregnancy, were not found. Curiously, we failed to find a Bax protein orthologue in chicken, in spite of a Bax-like sequence in the bird Taeniopygia guttata. Moreover, sequences displaying some similarity to mammalian Bid could be retrieved in a number of fish species, with conserved BH3 domain and cleavage site (LQT Y D in mammals and Oncorhynchus mykiss, Salmo salar, Anguilla japonica, and Ictalurus punctatus and IET Y D in Haplochromis), but it is unclear if they represent true orthologues of Bid. Absence of putative Bid orthologues in ascidians is puzzling because C. intestinalis possesses numerous apoptosis-related genes otherwise, including tumor necrosis factor-like receptors and caspases (Terajima et al. 2003) .
We performed a phylogenetic analysis for representative members of the ''helical bundle'' clade. As low levels of sequence similarity between full-length subfamily members made completely automated alignments impractical, only the most conserved region lying from BH3 to BH2 (or end of the protein in the case of Bid) of the diverse multidomain Bcl-2 members was compared ( fig. 2) . If the phylogenetic tree shows some clustering of pro-and antiapoptotic members, a group of multidomain members with poorly defined BH domains (i.e., Bcl-rambo, Bcl-G, BPR, Bfk, and Bid) is clearly visible (see table 1 for motif conservation patterns). As a C. intestinalis sequence segregating with Bax with a 95% bootstrap support displays all the BH motifs, it is likely that these proteins with hardly recognizable motifs are rather newly evolved members. On the contrary, the Nr-13/Bcl2l10 orthology group, which segregates with sequences from sponge, Ciona, and nematodes, shows remarkably long branch lengths, suggesting that its members are rather ancient and could have undergone some functional divergence in vertebrates, especially in mammals. In support to this, we noticed that the structurally important predicted turn between a5 and a6 helices bears an additional dozen amino acids in Bcl2l10 and Diva/ Boo which are not present in chicken Nr-13. These supplementary amino acids may have some consequences on protein insertion in membranes and on activity of this member toward apoptosis modulation. Interestingly, although anti-or proapoptotic activity of Bcl2l10 has been reported (Aouacheria et al. 2001; Ke, Godzik, and Reed 2001; Lee et al. 2001; Zhang, Holzgreve, and De Geyter 2001) , genetic knockout of mouse Diva/Boo did not cause any severe phenotype in line with apoptosis (Russell et al. 2002) . Therefore, it would be of great interest to address potential extraroles beyond cell death regulation for these proteins, and as a general rule, for all multidomain members as the classical tissue-specific expression argument might not be the unique reason accounting for the apparent redundancy within the Bcl-2 family.
BH3-Only Proteins with Unrelated Secondary Structure
BH3-only proteins with secondary structures unrelated to multidomain members or BNip proteins have been identified in various vertebrates but not in invertebrates except the nematode C. elegans. Notably, we were not able to identify any Egl-1-related proapoptotic BH3-only proteins in arthropoda, especially in the fly genome. In this particular species, one potential functional substitute for the BH3 domain may be the amphipathic a-helical ''GH3'' motif recently identified in the proapoptotic Grim protein (Claveria et al. 2002) . We also failed to identify many BH3-only Bcl-2 family members, such as Harakiri, Bik, and Puma, in the fish genomes. It could be because of lack of statistically significant motif in the BH3-only proapoptotic proteins that would allow reliable sequence-based predictions. Indeed, because most BH3-only proteins are rather short and given that these sequences are known to be quite divergent in distant species, it is possible that the search parameters used may not be optimal for detecting their orthologues. Alternatively, these genes are either lost in the fish lineage or arose independently after the divergence with the mammalian lineage. In all cases, it is noteworthy that out of the two p53 target genes Puma and Noxa involved in the regulation of apoptosis in mammals, only a Noxa-like sequence could be retrieved in fishes, although data mining of the Fugu genome has otherwise revealed a good level of conservation for the p53 pathway and p53 responsive elements (Le Bras, Bensaad, and Soussi 2003) . An incongruence reminiscent of the one reported above for Bax-like sequence in birds occurred with BH3-only protein Bad in amphibians, which seems to be present in A. tigrinum but apparently absent in other amphibians including X. laevis.
A phylogenetic analysis has been performed on the single BH3 domain, and the unrooted phylogenetic tree is shown in figure 3 . Obviously, the genes encoding the structurally unrelated BH3-only proteins have an even more complex evolutionary history than the multidomain members, as revealed by the unresolved star-like tree topology.
Nonetheless, we collected a number of lines of evidences that could shed some light on the origin and early evolution of BH3-only proteins. First, in rodents, the Noxa/APR protein consists of two tandem repeats of the BH3 domain ( fig. 1 ), suggesting that recombination processes involving this motif could have occurred during the course of NOTE.-The identification of the contig or the chromosome in which the Bcl-2 family gene is included is given. Gene names are those reported in protein databases or have been assigned by us on the basis of orthology relationships between mammalian and fish genes. Accessions in bold correspond to orthology relationships supported by conserved synteny and/or contiguity. Several genes, although present in the Fugu/tetraodon genomes, could not be analyzed due to too much uncertainty and gaps in the sequence. The genes and their accession number are listed within the subfamily in which they are included. Results from initial sequencing of chicken and chimp genomes were also added. Supplementary file 4 (Supplementary Material online) provides a list of Bcl-2 family sequences extracted from EST databases. NF, not found evolution. Furthermore, while searching for fish orthologues of Noxa, we found that the extremely short open reading frame (128 bp long; accession number: BE557856) encoding the probable Noxa homologue in D. rerio was bearing Alu and MER35 repetitive elements, suggesting that the Noxa-like BH3 domain could actually correspond to an exonization of transposable elements. Exaptation of repetitive elements into genes encoding cellular proteins has been described in primates as a mechanism enriching transcriptome diversity, with examples available inside the Bcl-2 family itself (e.g., Alu-like cassette insertions in Bim b3 and Bcl-rambo b) (U et al. 2001; Yi et al. 2003) . Thus, transposon origin for Noxa BH3 domain is theoretically conceivable because mobile DNA elements might have a profound influence in creating novel protein diversity. Second, the Bik/Nbk protein displays unusually high resemblance (for a BH3-only protein) to the multidomain member Bak in an ;60 amino acid region encompassing the BH3 domains (e.g., 36% identity and 58% similarity between chicken Bik and murine Bak), raising the possibility of some evolutionary relationships. Because alternatively spliced forms of multidomain members that bear only the BH3 domain and lack BH1/BH2/TM domains (e.g., Bcl-X S , Mcl-1-S ; Bax-x, Bcl-G S ) have been depicted, it is tempting to speculate that some BH3-only proteins are derived from common ancestry with multi-BH members through gene duplication and exon loss. Lastly, when an [L-X-X-X-G-D-D/E] pattern designed to identify BH3-only proteins is used to search the UNIPROT database (http:// npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page5/NPSA/ npsa_pattinprot.html), as many as 1,994 hits (present on 1,966 proteins) are retrieved. Because the database contains 155,576 proteins, this output corresponds to a fraction of ;0.01, with the randomized probability for this pattern being P 5 4 3 10 ÿ5 . When the same experiment is done with the [W-X-X-X-X-G-G-W] and [N-W-G-R] patterns roughly corresponding to the BH2 and BH1 domains, respectively, only 78 and 169 proteins match (which correspond to random probabilities of P 5 7.045 3 10 ÿ7 and P 5 1.932 3 10 ÿ6 , respectively). These observations raise the possibility that a number of putative BH3 domains or socalled ''BH3-like'' domains actually arose either randomly or by a process of convergent evolution. The recently reported Mcf toxin encoded by the ''makes caterpillars floppy'' gene of the Gram-negative bacteria Photorhabdus luminescens provides a good example of such possible convergent evolution. Indeed, this rather long insecticidal protein (2,929 amino acids) has no primary or secondary structure similarity to any other known protein sequence except in a short, degenerated BH3-like stretch of residues, which is still awaiting further characterization (Daborn et al. 2002) . On the other hand, despite lack of any sequence similarity with BH3 domains, a so-called Siva-1 amphipathic helical region on another proapoptotic protein, Siva-1, is also of helical structure and sufficient to mediate the interaction with antiapoptotic members of the Bcl-2 family such as Bcl-2 and Bcl-X L (Chu et al. 2004) , suggesting that Siva-1 is formed and behaves as a BH3-only protein.
FIG. 1.-Schematic representation of Bcl-2, BH3-only, and BNip subfamily members, drawn to scale. For each member, structural features (black shapes) and domain organization (lines, on top) are depicted. Rectangles and arrows denote a-helices and b-strands, respectively. For a number of Bcl-2 members sharing the same pore-forming Bcl-2/Bax/Bid topology, predicted structures were obtained by computer simulation. In these cases, the PDB code of the template used for homology modeling is indicated in parentheses. For experimentally determined 3D structures, the Protein Data Bank code appears in italics directly after the acronym without any brackets. Otherwise, secondary structures were determined using the Psipred consensus program (Prof and PHD programs leading to similar results). Characteristic BH signatures reflect domain composition (legend at the top). ''?'' indicates that the BH domain considered is uncertain or controversial. Class assignments used in phylogenetic analyses are reported (right). All diagrams correspond to human sequences except CED-9, Egl-1, and ceBNip3 from Caenorhabditis elegans, Buffy and dBok from Drosophila melanogaster, and BHP1-2 from Geodia cydonium. Of note, mouse and rat Noxa proteins consist of two tandem repeats of the BH3 domain. Moreover, Mcl-1 and Bcl-G exhibit unusually long Nterminal extensions before the pore-forming structural module (white rectangles), whereas Bcl-rambo is presumably a mosaic protein in which the Bcl-2 module is separated from the TM by a unique amino acid insertion.
FIG. 2.-Bootstrapped neighbor-joining tree of multidomain Bcl-2-related proteins. Unrooted neighbor-joining tree that depicts the phylogenetic relationships of the multidomain members of the Bcl-2 family (see text for subfamily definition). The tree was inferred based on the alignment of the 68 most conserved amino acid sites between BH3 or equivalent helix to BH2 (''GGW'' motif). Numbers indicate percentage support in bootstrap analyses (1,000 replicates). Branch lengths are proportional to distances between sequences. A ML tree inferred using Phyml was largely congruent (see Supplementary file 1, Supplementary Material online). Nomenclature: sequence names contain abbreviations of the taxonomic group, the genus and species. Species abbreviations are mentioned in Materials and Methods. As orthology groups are sometimes difficult to assign, ''L'' means ''-like'' (e.g., BakL, BokL, or BaxL). ''Bcl'' means that the corresponding member could not be clearly assigned to any defined orthology group. When needed, letters and/or numbers after the sequence names are abbreviations of the accession records as figured in tables 1-3 and Supplementary file 4 (Supplementary Material online). BclW Xl and BclX Xl correspond to formerly reported XR11 and XR11 family members in frog, respectively.
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Thus, structural/functional equivalents of the BH3 domain might exist in absence of clear sequence similarity (e.g., in Grim, Mcf, and Siva-1), but the corresponding proteins should best be termed structural analogs of BH3-only members.
BNip Proteins
BNip1, 2, and 3 proteins were first identified as adenoviral E1B 19K interacting proteins present in mammalian cells (Boyd et al. 1994 ). We found BNip-related sequences in a wide range of eukaryotes, from unicellular (e.g., BNip2) to plants (e.g., BNip1), and simple multicellular animals. For the sake of report clarity, we decided to restrict phylogenetic analyses to BNip sequences present in multicellular animals. BNip1. Human BNip1 protein contains a BH3-like domain followed by a region of similarity to Sec20 (a membrane glycoprotein associated with secretory pathway), including two ankyrin repeats and a putative C-terminal TM domain. Various BNip1-related sequences were found in multicellular animals (tables 1-3). Alignments of BNip1 subgroup members reveal unexpectedly poor conservation between fishes and other vertebrates of the BH3-like domains compared to adjacent regions and compared to the Sec20 homology region. In addition, several fungi and flowering plant sequences (e.g., unnamed protein product BAB02931 from Arabidopsis thaliana) were found to cluster with BNip1 proteins, and careful examination indicates that the similarity extends to a region encompassing the supposed BH3 domain, the two ankyrin repeats, and the TM domain. The Sec20 homology region (PFAM03908) present in BNip1 is also retrieved in Sec20 proteins from Candida albicans (CAB76200), Saccharomyces cerevisiae (P28791), and Schizosaccharomyces pombe (CAA16989). These results suggest that the BH3-like domain of BNip1 proteins rather corresponds to a divergent amino acid stretch most probably included in an unrelated functional region. Unlike arthropods ( fig. 4A ), worms and platyhelminthes do not seem to possess any true BNip1 orthologue at all (only a weak similarity could be detected between the N-terminal moiety of C. elegans ankyrin protein and the , and (C): Rooted neighbor-joining tree of BNip1, BNip2, and BNip3 proteins, respectively. For the BNip1 clade, phylogenetic calculations were computed based on alignment of a region encompassing the BH3-like domain, the ankyrin repeats, and the TM domain, and the tree was rooted using the nematode ankyrin sequence. The carboxyl terminus part of BNip2-like proteins with homology with Sec14/GAP and comprising the PFAM-B 7813, CRAL-TRIO, and BCH domains was used for BNip2 subfamily analysis; the tree was rooted with the Ciona sequence. A region encompassing the BH3 and TM domains was retained for the BNip3 phylogenetic analysis, and the tree was rooted with the Strongylocentrotus sequence. Number of examined sites is 142, 206, and 75 for BNip1, BNip2, and BNip3, respectively. Similar tree topologies were obtained with both neighbor-joining and ML methods (see Supplementary file 3, Supplementary Material online).
Phylogeny of Bcl-2 and BNip sequences in Metazoa 2407 C-terminal part of BNip1 proteins). In contrast, a putative homolog sharing ;66% similarity with chicken BNip1 is present in C. intestinalis (and also H. roretzi). Therefore, it seems that the BNip1 subfamily has been established more recently in metazoan evolution, most probably after the protostome/deuterostome divergence. It has been previously proposed that sponge death domain-containing protein DD2 evolved from ankyrin building blocks by gene duplication followed by divergence (Wiens et al. 2000) . Based on this example, the evolution of BNip1 in multicellular animals could also have involved the accretion of a similar ankyrin building block with an unrelated C-terminal domain (corresponding to PFAM-B 63610 and 53542 domains).
BNip2. From N-to C-terminus, BNip2 proteins have been reported to contain a Ca 21 -binding motif, a BH3-like domain, a CRAL-TRIO motif (Cellular retinaldehydebinding/Triple function domain) common to proteins that bind small lipophilic molecules, and a region termed the BCH domain that shares similarity to the noncatalytic domain of Cdc42GAP (''Bnip2 and Cdc42GAP homology domain'') . Contrary to other BNip proteins, BNip2 is devoid of a TM hydrophobic domain. Overall, sequence comparisons show that the N-terminal region of BNip2 relatives including the putative calciumbinding and BH3-like sites is only poorly conserved. Proposed BH3 domain for human BNip2 protein corresponds to the amino acid stretch 88 PSENSDEFE 97 included in the PFAM-B 7813 domain. When compared to other well-known BH3 signatures, the BH3-like motif present in BNip2 proteins exhibits a Pro residue in position 1 rather than the highly conserved Leu residue and never bears the highly frequent triplet GDE in position 6-8 or the frequent triplet EFE in position 8-10. In addition, the supposed BH3-like site is not predicted to adopt a a-helical conformation ( fig. 1 ). Taken together, these observations suggest that BNip2, as BNip1, may not exert its function primarily owing to this motif. In sharp contrast, the C-terminal part of BNip2 including the BCH domain and the CRAL-TRIO motifs (PFAM-B 1538) is much more conserved, confirming the crucial role of this region as reported by functional characterization (Zhou et al. 2002) . Several sequences from unicellular (e.g., Dictyostelium discoideum C91038), plant (e.g., A. thaliana BX834778), tunicates (Oikopleura dioica), molluscs (C. virginica), and platyhelminthes (S. mansoni) sharing some similarity with this C-terminal part of BNip2 proteins were also found. As most of these sequences are partial, it remains unclear if they also share similarity outside the Sec14/GAP homology region. The phyletic distribution of BNip2-like sequences roughly resembles to that of the BNip1 subgroup. Indeed, while putative orthologues were detected in fly and C. intestinalis genomes, we failed to identify any worm orthologue of BNip2. The subfamily size differences among organisms suggest that this subclass experienced a period of stasis until the separation of the vertebrate lineage from Ciona ( fig. 4B) . The number of different BNip2 members is one in fly and Ciona and 4-5 in fishes, primates, and rodents and hence may reveal the occurrence of two wholegenome duplications (2R hypothesis) in early vertebrate evolution. In mouse and rat, the presence of an intronless gene suggests a lineage-specific retro-pseudogenization event. Interestingly, fishes have a species-specific duplication of one particular BNip2 isoform called caytaxin, possibly reflecting some ecological and physiological relevance of this gene in this particular lineage. In mammals, this novel gene encodes a neuron-specific protein whose mutations are responsible for severe disorders in humans (Cayman ataxia) and mouse (hesitant and jittery phenotypes) (Bomar et al. 2003 ).
BNip3. BNip3 and its variants have been reported to contain a BH3 homology region necessary for interaction with other Bcl-2 family members and a C-terminal TM domain important for mitochondrial localization and homodimerization (Boyd et al. 1994; Yasuda et al. 1998a Yasuda et al. , 1998b Ray et al. 2000) . BNip3-related sequences were found in all major lineages of Bilateria, from Echinoidea and Ascidiacea to mammals. Our data bank searches also identified several proteins significantly similar to BNip3 in arthropoda and worms, including homologues of C. elegans proapoptotic ceBNip3 protein in a dozen of other nematodes (Yasuda et al. 1998a) , and a fly candidate that might be useful in future genetic studies. Although overall similarity between ceBNip3, BNip3 Drosophila homologue, and human BNip3 is weak (between 30% and 40%), BNip3 may effectively bear a bona fide (yet atypical, see below) BH3 domain as ''threading'' programs such as LIBRA (http://www.ddbj. nig.ac.jp/search/libra_i-e.html) and 3D-PSSM (http://www. sbg.bio.ic.ac.uk/;3dpssm.index2.html) successfully align the BH3 domain of human BNip3 with that of BH3-only protein Bid as compatible structures in forward-folding searches (not shown). This conclusion is largely supported by experimental evidences (Chen et al. 1997; Matsushima et al. 1998; Yasuda et al. 1998a Yasuda et al. , 1998b Chen et al. 1999; Bruick 2000) . However, when more sequences are added to the alignments, one can observe that the conserved residues are rather unusual for a BH3 domain. Indeed, instead of the
''canonical'' pattern of amino acid conservation commonly found for BH3 domains in other Bcl-2 family members, BNip3 proteins display at least two specific and highly conserved Trp residues in positions 7 and 11. BNip3 has been shown to homodimerize but, in contrast to other Bcl-2 relatives, BNip3 homodimerization does not depend on the BH3-like domain but rather on the C-terminus hydrophobic TM domain (Chen et al. 1997) . Therefore, the unusual conservative pattern observed for the BNip3 BH3-like domain could be an indication of specific constraints for interaction with Bcl-2 multidomain family members or other unrelated proteins. Another proapoptotic homologue of BNip3 called Nix (or BNip3L for BNip3-like) has been previously reported (Chen et al. 1999) . Our phylogenetic analysis generated trees supporting the notion that this member of the BNip3 subgroup originated from a duplication of the ancestral BNip3 gene present in nematodes, the duplication event occurring early in the chordate evolution, most probably before the gnathostome radiation ( fig. 4C) . Increase of duplication patterns were found for BNip3 relatives in fishes and mammalians compared to the C. elegans lineage, particularly in zebrafish and rodents. As we previously mentioned, the increase of gene duplication during this time period is regarded as evidence for the 2R hypothesis by some investigators (Wolfe 2001; Hokamp, McLysaght, and Wolfe 2003) . As we also found a tandem duplication of the BNip3 gene in zebrafish, another explanation for the observed increase in duplication events is that multiple, independent segmental duplications of chromosomes occurred within a relatively short time frame. Lastly, we noticed that several degenerated copies of BNip3-related genes with high number of stop codons and point mutations are present in the human and mouse/rat genomes. As we assumed that these copies are likely to represent pseudogenes, they were not included in the present analysis.
Taken together, these results indicate that BNip1-3 proteins form three monophyletic subgroups inside the Bcl-2 family. Yet, classification inside the Bcl-2 family remains doubtful (at least for BNip1 and BNip2 proteins) based on domain composition and poor conservation of the BH3-like motif and TM domain (which is a low-complexity hydrophobic region). Moreover, it has been reported that interaction with other Bcl-2 family members and proapoptotic activity might be BH3 independent for these proteins (Ray et al. 2000; Zhang et al. 2003) , so experimental confirmations are required to assess precise structure-function relationships for all three BNip subgroups.
Analyses of Genomic Features
Owing to the high number of genes within the updated Bcl-2 family ( fig. 5 ), gene structure/location analysis could not be described here in detail for the whole set of Bcl-2 members. We chose to present and discuss here the results for some of the genes encoding multidomain members sharing the helical bundle structural fold as it appeared to us that this well-characterized and rather homogenous group is the more suitable for phylogenetic inference. Complete transcript structures could be retrieved in Supplementary file 5 (Supplementary Material online).
Intron-Exon Structures
First, as shown in figure 6 , some kind of clustering between anti-and proapoptotic genes could be observed on the basis of predicted intron-exon structures: the coding region of ''antiapoptotic'' genes (e.g., Bcl-2, Bcl-X L , Bcl-W, Bfl1/A1, Mcl-1, and sponge BHP2) is spread over two or three coding exons, whereas ''proapoptotic'' genes always display more coding exons, from five to seven in general (e.g., Bax, Bak, Bcl-G, and Bok). Nonetheless, a common feature among both prosurvival and prodeath members (minus Bid) is the presence of a conserved intron splitting the C-terminal BH2 domain just after the ''GGW'' signature. Because this conserved intron within the BH2 domain is common to anti-and proapoptotic family members, it has been hypothesized that both sides of the family may have arisen from a primordial member, which contained a single intron in the coding region and which underwent subsequent gene duplication and intron gain in proapoptotic members (Hatakeyama et al. 1998; Herberg et al. 1998) . CED-9, the sole worm multidomain protein, could represent a living molecular fossil of such putative bifunctional primordial member. Indeed, the fact that antiapoptotic CED-9 has also been reported to promote apoptosis in nematodes with a certain ''genetic makeup'' (Hengartner and Horvitz 1994; Xue and Horvitz 1997) , suggesting that it could assume both prosurvival and proapoptotic roles, argues in favor to this hypothesis. Next, position of the additional upstream introns is not precisely conserved among proapoptotic members, suggesting that these additional introns were added after the divergence of the primordial gene. However, the reason for specific addition of introns upstream of the conserved BH2 intron/exon junction during the evolution of proapoptotic family members and not of antiapoptotic members is not clear. One possibility is that there might be a direct link between intron acquisition and the emergence of proapoptotic members. In this respect, the complex intron-exon structures observed in prodeath member genes might have arisen as a mechanism to finely regulate the toxic activities of their encoded products, e.g., via alternative splicing, as exemplified by the numerous spliced products of the bax gene (Apte, Mattei, and Olsen 1995; Zhou et al. 1998; Shi et al. 1999; Schmitt et al. 2000; Cartron et al. 2002) . Furthermore, such a mechanism could have constituted a mean to generate novel biochemical functions and/or tissue-specific expression patterns without further, potentially harmful, gene duplications of prodeath members. Notably, presence of introns is thought to speed up the formation of new combinations between exons in a process called exon shuffling (Gilbert, de Souza, and Long 1997; Kolkman and Stemmer 2001) . It is noteworthy that within the Bak, Bax, Bcl-rambo, Mcl-1, Bfk, Bcl-G, BPR, and Bid genes, the BH3 domain is encoded by a single exon bearing no other domain (BH4, loop, BH1, BH2, or TM). Likewise, we noticed that, in all BH3-only genes reported to date, the BH3 domain is a structural and functional subunit encoded by a single short exon. These remarks raise the possibility that the BH3-encoding exons of proapoptotic multidomain members could represent a target for exon shuffling, involved in the formation of new gene combinations evolving into genes with novel functions, for instance BH3-only genes.
Comparative Mapping Study
The most striking observation that appeared from our analysis is that Bcl-rambo and Bid correspond to a conserved linkage group in Fugu, chicken, rodents, chimpanzee, and humans, with preservation of both gene order and orientation. In all these species, Bcl-rambo and BH3-only Bid form two distally adjacent genes on opposite strands. In addition, both members exhibit very similar phyletic distribution (tables 1 and 2). Bcl-rambo contains BH1-BH4 domains and a TM anchor and shows overall predicted structural similarity to the multidomain member of the Bcl-2 family ( fig. 1) . However, the Bcl-rambo protein constitutes somehow a unique case in the Bcl-2 family because its TM domain is preceded by a 250-amino acid insertion (the so-called ''BHNo'' region) that displays no similarity to any other known protein (Kataoka et al. 2001; Yi et al. 2003) . In addition, although the effect of the BH domain has not been addressed yet, it is noteworthy that Bcl-rambo has proapoptotic activity that is induced by this terminal extension and not by the BH moiety. On the other hand, the C-terminal part of the BH2 domain, the BHNo region, and the TM domain are encoded by a single exon, suggesting that the extra region has been brought by an in-frame insertion of noncoding sequences that intervened just after the conserved 3# intron. Because Bid precisely lacks the BH2 domain but not a C-terminal conserved intron, one intriguing possibility is that Bid originated from the Bcl-rambo gene which is located in its close vicinity. In support to this hypothesis is the fact that, as previously mentioned, Bcl-rambo has undergone loss-of-function divergence or at least neofunctionalization in its BH half, while Bid has gained a unique role in signaling of apoptosis because it links the death receptor pathway to the mitochondrial pathway mediated by the Bcl-2 proteins (Li et al. 1998) . It is now widely believed that neo-or subfunctionalization processes explain at least in part the retention of duplicated genes (Prince and Pickett 2002) . We were not able to gain any clue from direct analysis of nucleotide sequences or cis-regulatory elements (not shown), suggesting that the duplication event, if any, should be ancient. Although supported by a low bootstrap value (58%), putative common evolutionary origin for Bid and Bcl-rambo is apparent on the multidomain Bcl-2 family phylogenetic tree ( fig. 2) . Of note, Bcl-rambo and Bid genes are close enough in vertebrate genomes to raise the possibility of some overlapping transcripts or even antisense regulation, the two hypotheses now warranting further experimental evidence.
Establishment of Domain Configuration in the Multidomain Bcl-2 Family
For the multidomain subfamily, domain architectures are made of up to four amino acid typical signatures, namely, BH1-4. In this part, Bcl-2 family members were compared among organisms to uncover the pattern of conservation or divergence in domain organization, and a model for domain recruitment events is proposed.
BH1 and BH2 Domains
The BH1 and BH2 domains are well recognizable in BHP1 and BHP2 sponge sequences, indicating that these motifs were already present in the common ancestor of Cnidaria and Bilateria, i.e., very early in the evolution of animals. 3D structures of Bcl-2 family members have revealed that these two domains are surrounding a aahairpin structural motif. This helical hairpin is formed by the helices a5-a6 and has been shown to be crucial for pore formation in mitochondrial membranes (Schendel et al. 1997; Matsuyama et al. 1998; Heimlich et al. 2004 ). Although necessary for Bcl-2 function, the a5-a6 region appears to be insufficient for promoting cell survival as replacing the a5-a6 helices of Bax with this segment of Bcl-2 did not convert Bax to a cytoprotective protein. Likewise, although the a5-a6 region of Bax was necessary for its cytotoxic activity in yeast, engineering these a-helices into the Bcl-2 protein was insufficient for switching its phenotype (Matsuyama et al. 1998 ). Thus, both pro-and antiapoptotic Bcl-2 family proteins can regulate membrane efflux at the level of mitochondria (Kuwana et al. 2002) , and BH1-2 and a5-a6 region may not be responsible for the opposite activity of Bcl-2 pro-and antiapoptotic members. Instead, this region might have constituted the first elementary unit with biological activity in the Bcl-2 family ancestor, i.e., a toxic module responsible for pore formation. If true, this hypothesis implies that the ancestor and its antiapoptotic descendants should have developed some means to inhibit the latent toxic activity of this toxic domain, in order to prevent inappropriate cell death induction (see below). Conversely, the ancestor and its proapoptotic counterparts should somehow have evolved a specificity allowing the controlled activation of this intrinsic prodeath function.
BH4 Domain and Flexible Loop
In contrast to the C-terminal moiety, the N-terminal moiety is poorly conserved among Bcl-2 family members, particularly in proapoptotic relatives (Adams and Cory 1998; Bonnefoy-Berard et al. 2004) . This N-terminal region is formed by the BH4 domain (corresponding to an amphipathic helix) linked to the rest of the protein by a flexible loop of undefined structure and various lengths. This region present in nematode CED-9 is characteristic of antiapoptotic proteins of the Bcl-2 family and is supposed to confer specificity on each individual member of the family, for instance through interaction with specific partners and posttranslational modifications such as phosphorylation or deamidation (Breitschopf et al. 2000; Blagosklonny 2001; Deverman et al. 2002) . Analysis of BHP1 and BHP2 proteins shows that a a-helix presumably corresponding to BH4 location plus a loop upstream of the a5-a6 helices were already coexisting in these living molecular fossils. The BH4 domain and the loop have been shown to display a negative regulatory function on the activity of antiapoptotic multidomain members (Reed 1997) . Indeed, deletion of the BH4 domain results in a total inactivation of Bcl-2 or Bcl-X L (Huang et al. 1997) . Moreover, in some cases, deletions or mutations of these regions could induce cell death (e.g., Bcl-X S , a proapoptotic variant of Bcl-X L ) and have the same consequences as a cleavage releasing the C-terminal pore-forming domain: they convert an antiapoptotic member into a proapoptotic one (e.g., cleavage of Bcl-2 or Bcl-X L ) (Cheng et al. 1997; Kirsch et al. 1999; Basanez et al. 2001; Liang et al. 2002) . Therefore, pro-and antiapoptotic multidomain members of the Bcl-2 family presumably contain a same ''elementary toxic module'' required for pore formation, one difference being that antiapoptotic multidomain members have developed specific N-terminal regulatory regions (BH4 plus loop) to neutralize their own toxicity. Equivalent N-terminal sites of negative autoregulation may exist for Bid as well, as K. O. Tan, K. M. Tan, and Yu (1999) identified a ''BH3B'' domain important for intramolecular inhibition of proapoptotic activity.
BH3 Domain
The BH3 domain is required for the heterodimerization of the Bcl-2-like multidomain proteins and for the binding with other members such as BH3-only proteins. In contrast to the BH1-2 domains, no recognizable BH3 domain signature could be observed in either sponge BHP1 or BHP2 sequences, despite a-helical-predicted secondary structures at the expected location. On the other hand, clear typical signatures of the BH3 domain could be identified in at least two sequences from both Ciona and Hydra, suggesting that this domain evolved after the parazoan-eumetazoan split, i.e., at the time of establishment of the initial family of paralogous genes that probably included both pro-and antiapoptotic members (see in fig. 2 the C. intestinalis sequences segregating with Bax/Bok and BHP2/CED-9). It is thus tempting to speculate that emergence of the BH3 domain may have permitted the appearance of heterodimers between paralogous prosurvival and prodeath Bcl-2 family members. However, CED-9 exhibits a bona fide BH3 domain in absence of any Bax-like counterpart, which is in apparent contradiction with this speculation. The most parsimonious possibility is that one of the duplicate genes might have been lost in the C. elegans lineage (contrary to T. spiralis and L. rumbellus lineages). In this model, CED-9 might have been enforced to assume both the prosurvival and the proapoptotic roles in the nematode cells, probably owing to a newly evolved capacity to adopt different conformations depending on the cellular context.
In conclusion, the opposing phenotypes of Bcl-2-like survival proteins and Bax-like death factors presumably require both the a5-a6 region and additional domains such as BH3 and BH4. A possible evolutionary scenario is that the basic function of Bcl-2 ancestral proteins was primarily pore formation via their a5-a6 helices, the BH4 domain, and the loop acting as an internal switch and that the BH3 domain has evolved because of dimerization constraints linked to the pairing of antagonist duet effectors.
Conclusion
Bcl-2 Family Diversification and Evolution of Organism Complexity
Because Bcl-2-related proteins have been discovered in Porifera, the origin of the Bcl-2 family must have predated the Cambrian explosion (Valentine, Erwin, and Jablonski 1996) , the time of main divergence of metazoan phyla. Long after the Porifera-Eumetazoa split, extensive duplication (probably corresponding to tissue-specific isoforms and possibly neofunctionalized paralogues) occurred in the first half-period of chordate evolution, between the protostome/deuterostome split and the fish-tetrapod split, by which subfamily members expanded ( fig. 5 ). Noticeably, the divergence pattern of multidomain family members shows a close resemblance to that of the Pax family, Ga proteins, collagens, integrins alpha family, and tyrosine kinases, i.e., gene families related to the evolution of multicellularity (Muller 1997; Suga et al. 1997; Hoshiyama et al. 1998; Breitling and Gerber 2000; Hughes 2001; Aouacheria et al. 2004) . Moreover, multidomain Bcl-2 family members have been identified in all multicellular animals studied so far and, conversely, no multidomain Bcl-2 members have ever been identified outside the metazoan phyla. Lastly, Bcl-2-like genes experienced serial duplication accompanying the emergence and continuing evolution of complex developmental processes after the origin of Metazoa, as exemplified by knockout studies in mice (Chao and Korsmeyer 1998; Sorenson 2004) . Therefore, we wish to propose that acquisition and subsequent diversification of multidomain Bcl-2 family proteins might be linked to the acquisition and development of multicellularity in the animal kingdom. Restricted heterodimerization between pro-and antisurvival multidomain members, and emergence of multiple BH3-only proteins, may have evolved later to regulate independent death and survival pathways in response to distinct stimuli. Lastly, alternative splicing, posttranslational modifications such as proteolytic cleavage and phosphorylation, and even exonization of Alu sequences in primates (Yi et al. 2003 ) may have constituted diverse devices to further increase variability and multifunctionality of Bcl-2 family members.
The results of the present study provide a basis to further study the origin and evolution of the Bcl-2 family. In particular, the fish models are expected to bridge the gap between the nematode/Drosophila and mouse/human models. Indeed, the genomic architecture of fishes could provide an excellent genetic tool to allow rapid identification of important conserved regulatory regions and investigate the molecular mechanisms of apoptosis during development and pathogenesis. From a more evolutionary perspective, the striking similarities in the 3D structures and pore-forming abilities of Bcl-2 proteins and a subset of bacteriocins (e.g., colicins and diphtheria toxin) raise the possibility that Bcl-2 family proteins and these bacterial toxins may share a common ancestral origin. As it is difficult at present to evaluate whether this common structural and functional analogy represents an example of parallel or convergent evolution, explaining the acquisition of a poreforming multidomain Bcl-2 member by early multicellular animals is challenging. Increasing evolutionary diversity for comparative genomics to early-emerging multicellular animals (e.g., Porifera, Placozoa, Cnidaria, Ctenophora) may help to decipher animal origins.
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